1. We examined the spatial and temporal dynamics of pink salmon (Oncorhynchus gorbuscha) carcass decomposition (mass loss and macroinvertebrate colonisation) in southeastern Alaskan streams. Dry mass and macroinvertebrate fauna of carcasses placed in streams were measured every two weeks over two months in six artificial streams and once after six weeks in four natural streams. We also surveyed the macroinvertebrate fauna and wet mass of naturally occurring salmon carcasses. 2. Carcass mass loss in artificial streams was initially rapid and then declined over time (k ¼ -0.033 day -1 ), and no significant differences were found among natural streams.
Introduction
The annual migration of Pacific salmon (Oncorhynchus spp.) results in the movement of large amounts of organic material into north Pacific rim catchments (Cederholm et al., 1999) . These salmon runs are especially remarkable in Alaska and western Canada where salmon populations have, until quite recently, been stable (Baker et al., 1996) . Marine-derived nitrogen and carbon delivered by salmon can be traced into freshwater and terrestrial organisms (Schuldt & Hershey, 1995; Bilby, Fransen & Bisson, 1996; Kline, Goering & Piorkowski, 1997) and may be a resource subsidy critical for maintaining freshwater and riparian productivity (Polis, Anderson & Holt, 1997) . However, the ecological processes by which salmon influence ecosystems are not well understood (Cederholm et al., 1999) and the overall influence of marine resource subsidies probably underestimated (Willson, Gende & Marston, 1998) .
Little is known about carrion decomposition in freshwater (Minshall, Hitchcock & Barnes, 1991; Parmenter & Lamarra, 1991; Merritt & Wallace, 2000) , including mass loss and invertebrate colonisation. Much more is known about the decomposition of terrestrial carrion (Hanski, 1987) and other organic inputs to freshwater, such as leaf litter (Webster & Benfield, 1986) . Terrestrial carrion, for example, undergoes a predictable sequence of mass loss and invertebrate colonisation over time (Hanski, 1987; Haskell et al., 1989) , which can be influenced by conditions associated with different biomes, such as grassland versus woodland (Hanski, 1987) . Although obligate necrophagous invertebrate taxa have evolved only on land where carrion supply is frequent and predictable (Hanski, 1987; Haskell et al., 1989) , invertebrates are important processors of marine as well as terrestrial carrion (Britton & Morton, 1994) . Freshwater invertebrates are generally important agents in the breakdown of organic material, nutrient cycling and energy flow within food webs (Cummins, 1973) , and can be abundant on carrion in freshwaters (Vance, Van Dyk & Rowley, 1995; Keiper, Chapman & Foote, 1997; Kline et al., 1997; Minakawa & Gara, 1999) . Invertebrate colonisation has been observed on adult salmon carcasses throughout the Pacific north-west (Kline et al., 1997; Minakawa & Gara, 1999) , including south-eastern Alaska where invertebrates have been found scavenging on salmon carcasses (Wipfli, Hudson & Caouette, 1998 ) and dead salmon alevins and eggs (Ellis, 1970; Elliott & Bartoo, 1981) .
Our objectives in this study were to measure the rates of salmon carcass decomposition, in terms of mass loss and the abundance and biomass of invertebrate colonists, and to compare rates of decomposition among several streams. The results of this study will contribute to a growing body of knowledge concerning the influence of decomposing salmon on freshwater habitats. A better understanding of the dynamics of Pacific salmon decomposition should aid fisheries and ecosystem management.
Methods

Study location
This study took place in the Margaret Creek catchment on Revillagigedo Island in south-eastern Alaska, U.S.A. Several anadromous salmonid species, including pink (Oncorhynchus gorbuscha), sockeye (O. nerka), chum (O. keta) and coho salmon (O. kisutch), regularly spawn in Margaret and Cobble Creeks, and since installation of a fish ladder in 1989, in Sprout Fork and Spike Creek (Bryant, Frenette & McCurdy, 1999) . Spawning takes place from July until late November, but mostly during August and early September.
Our study combined artificial stream experiments with natural stream experiments and surveys (cf. Wipfli et al., 1998 Wipfli et al., , 1999 . This enabled us to study temporal changes in artificial streams and spatial differences among natural streams, as well as compare patterns under artificial and more realistic natural conditions. Artificial stream experiments were conducted in six channels of a larger 'mesocosm' (Wipfli et al., 1998 ). After days 17, 28, 42 and 56, a single carcass was randomly selected and removed from each channel. Carcasses were rinsed several times with water, and the washings put through 2-mm and 250-lm nested sieves. The coarser sieve separated out large pieces of salmon tissue, from which invertebrates were extracted without magnification and preserved in 95% EtOH with material from the finer sieve. Tissue pieces were frozen and later dried to a constant mass at 80°C to determine the carcass mass remaining. The material from the finer sieve consisted primarily of invertebrates and silt, with insufficient salmon tissue to justify determining its dry mass.
All invertebrates were extracted from each sample, except large numbers (>1000) of chironomid midge (Diptera: Chironomidae) larvae that were subsampled (one-quarter). Invertebrates were preserved with 70% EtOH and identified to family or genus using Merritt & Cummins (1996) . The lengths of chironomid midge and Zapada (Plecoptera: Nemouridae) larvae, the dominant carcass invertebrates, were used in conjunction with established mass-length equations (Smock, 1980; M.S. Wipfli, unpublished data) to estimate total invertebrate biomass for each carcass.
Carcasses placed in natural streams
Salmon carcasses were placed into four streams (Sprout Fork, Spike, Cobble and Margaret Creeks), between 2 and 10 September 1998. The pink female salmon used were similar in condition and size (48-52 cm fork length, 1.25-2.02 kg wet mass and 0.35-0.56 kg dry mass) to those used in artificial streams. Carcasses were placed in wire mesh cages (55 · 25 cm, galvanised fencing wire, mesh size ¼ 5 cm) with a base of fibreglass mesh (mesh size ¼ 1.6 mm) to facilitate collection and reduce loss of material during retrieval. In each stream, four cages were placed within two log jams where carcasses were already present (D.T. Chaloner, personal observation). Cages were secured with parachute cord and positioned so that they remained submerged and were reasonably protected from vertebrate scavengers. Temperature dataloggers recorded water temperature hourly, and dissolved oxygen and stream discharge were measured periodically (Table 1) . Dataloggers in Sprout Fork and Cobble Creek recorded temperature for only part of the time, but data suggest that all streams were similar.
Carcass cages were left in place for six weeks, long enough to allow invertebrates to reach their maximum abundance, based on artificial stream experiments, and short enough to avoid autumn floods. At the end of the experiment, carcasses were removed from cages and processed as described above. Of the original 32 cages, 25 were recovered: eight from Sprout Fork, five from Spike Creek, five from Margaret Creek, and seven from Cobble Creek. Bears had tampered with the others. One cage from Sprout Fork was completely buried by sand, and therefore was not included in statistical analyses.
Carcasses occurring naturally in streams
Surveys of salmon carcasses were undertaken three times between the first sighting of chum salmon (26 July 1998) and two weeks after live pink salmon were last seen in the streams (28 September 1998). and Margaret Creek, moving in an upstream direction to avoid encountering the same carcass twice. During surveys, relative abundance (0-9, 10-99, 100-999, or >1000 individuals per carcass) was estimated for invertebrate taxa found on 30 carcasses. Each taxa was assigned to a particular category (absent, trace, present, or common) based upon their overall relative abundance scores and the number of carcasses on which they were found. The wet mass of 100 carcasses was also measured and the carcasses returned to the stream after weighing.
Experimental design and statistical analyses
A randomised complete block design was used for the artificial stream experiment, with six channels as blocks and four time periods as treatments. Each time period was randomly assigned to one of four carcasses in each block. Response variables were macroinvertebrate abundance and biomass. Data were natural logarithm (ln) transformed to meet the assumptions of analysis of variance (ANOVA) and analysed with PROC GLM (SAS Institute, 1989 ) at a ¼ 0.05. Carcass mass loss in artificial streams was quantitatively modelled using percent carcass mass remaining and with best-fit exponential regression curves, as used in other studies (Minshall et al., 1991; Parmenter & Lamarra, 1991) .
For the natural stream experiment, we analysed the data using a nested A N O V A , with carcasses nested within log jams and log jams nested within streams. Response variables were percent carcass mass remaining, macroinvertebrate abundance, and macroinvertebrate biomass. Data were ln-transformed to meet A N O V A assumptions and analysed with PROC GLM (SAS Institute, 1989 ) at a ¼ 0.05. Data from the surveys of naturally occurring carcasses were not analysed statistically because of the structure and qualitative nature of the data.
Results
Carcasses placed in artificial streams
Salmon carcasses changed in appearance over time, although distinct stages were not evident. A thick, furry mould-like coating developed within two days of carcasses being placed in channels, which gradually turned into a dark slime layer as organic material and silt accumulated on carcasses. The muscle tissue became paste-like within a month and more fluid with time, while skin, eggs and internal organs persisted throughout the experiment. The percent carcass mass remaining reflected these observations and fitted a single exponential decay curve (Fig. 1) . A double exponential regression curve was unsuitable given the sampling intervals and the experimental duration (cf. Parmenter & Lamarra, 1991) .
Of the 23 invertebrate taxa found on carcasses, chironomid midge and Zapada larvae were the most abundant taxa, constituting 97% (range 83-99%) and 3% (range <1-13%) of invertebrates found, respectively (Table 2) . Invertebrates were found predominantly on the carcass surface but were also found among the eggs and in the gill and mouth cavities when carcasses were removed after six to eight weeks. Chironomid abundance and biomass increased significantly over time (P < 0.001, Table 2), whereas Zapada biomass and abundance did not (P > 0.05, Table 2) (Fig. 2) .
Carcasses placed in natural streams
Salmon carcasses recovered from a single log jam exhibited a range of percent remaining values (e.g. 8-29%). Some carcasses had missing parts, while others were fully intact, which partly reflected how exposed carcasses were within the log jams. However, the average carcass mass percent remaining for natural streams (26 ± 2%, mean ± SEM) was similar to that found in artificial streams after six weeks (20 ± 2%, mean ± SEM). As in artificial streams, skin, eggs and internal organs had not decomposed appreciably, while the muscle tissue was paste-like. Carcasses were covered with a dense, furry, bluegray mould-like layer, firmly attached to the skin, unlike the slime layer found in artificial streams. Overall, there were no obvious differences in carcass appearance among natural streams and no significant differences amongst streams in percent mass remaining (P > 0.05), suggesting that carcass decomposition was similar amongst streams in terms of mass loss. Of the 27 invertebrate taxa found on carcasses (Table 2) , chironomid midges, Zapada, Capniidae (Plecoptera), Baetis (Ephemeroptera: Baetidae), Sweltsa (Plecoptera: Chloroperlidae), and Onocosmoecus (Trichoptera: Limnephilidae) larvae were the most common. Some invertebrates, especially chironomids, were found in the gills and mouth and buried within carcass tissue. As in artificial streams, chironomids and Zapada were the only taxa found on all carcasses and constituted 93% (range 83-99%) and 2% (range <1-5%) of the invertebrates found, respectively. The low statistical power of this study design meant only large differences among streams, relative to withinstream variation (between log jams), would be detectable. So although there appeared to be considerable variation among streams in the abundance of several taxa (Fig. 3) , these differences were only significant for the abundance of Sweltsa (P ¼ 0.0085) and Baetis (P ¼ 0.024) (Table 2, Fig. 3 ). For the abundance of all other taxa and biomass of chironomids and Zapada, no significant differences were found among streams (P > 0.05) ( Table 2 , Figs 3 and 4) .
Carcasses occurring naturally in streams
Naturally occurring carcass material was found in a variety of forms, reflecting the many ways that fishdied (e.g. natural death, predator kills) and carcasses were moved around streams (e.g. scavenging, spates). Carcass material ranged from complete fish (both fresh and well decomposed) to tissue fragments. The more decomposed material was often covered with a layer of dense, mould-like biofilm, similar to that found on carcasses artificially placed in natural streams. The average mass of carcass material found during the first survey of Margaret Creek (Fig. 5 ) reflected partial consumption of chum salmon by predators. By the first survey of Cobble Creek, predators left chum carcasses virtually untouched, in contrast to the smaller pink salmon that began to appear in streams at this time. Towards the end of the salmon run, whole carcasses were seen less frequently, while small to medium-sized (5-20-cm diameter) tissue fragments were more common. The average mass of carcass material found over time (Fig. 5 ) reflected these observations. Several invertebrate taxa were found on naturally occurring salmon carcasses (Table 3) , with the most abundant and common being chironomid larvae, consistent with both artificial and natural stream experiments. Zapada larvae were also found, but not as often as mayflies and caddisflies. Fewer invertebrates were observed on carcasses in Cobble Creek than Margaret Creek, consistent with the invertebrate abundance found on artificially placed carcasses. In Margaret Creek, invertebrates were not found on carcasses in early August, but were present in October. In Cobble Creek, invertebrates were observed on carcasses on all surveying dates. In both streams, invertebrates were found in the mouth and on gills, fin rays, and the surface of carcasses. Fig. 3 Mean abundance of the most abundant invertebrate taxa found on salmon carcasses artificially placed in natural streams for six weeks. Error bars represent ±1 SEM. Fig. 4 Mean biomass estimates of chironomid midge (j) and Zapada (h) larvae found on salmon carcasses artificially placed in natural streams for 6 weeks. Error bars represent ±1 SEM. 
Discussion
In our study, salmon carcasses persisted for over six weeks and exhibited an exponential loss of mass loss over time. Such a pattern has previously been found with plant and animal material (Parmenter & Lamarra, 1991) , including freshwater carrion (e.g. Payne & King, 1972; Minshall et al., 1991; Parmenter & Lamarra, 1991) . Results reported by Wipfli et al. (1998) indicate an exponential loss of mass for Pacific salmon although a regression curve was not fitted. The decomposition rate of fish in our study (k ¼ -0.033 day -1 for a single exponential regression)
was slower than that found by Parmenter & Lamarra (1991) , Webster & Benfield, 1986) . Our results suggest that salmon carcass decomposition in water is likely to be slow, taking more than a month to complete.
Overall, salmon carcass mass loss differed little amongst streams, but there was considerable variation within each log jam. This suggests that microhabitat conditions, such as water flow and dissolved oxygen, might be important factors in carrion decomposition. Kline et al. (1997) observed more rapid salmon carcass decomposition close to shore and in nearby streams than at the bottom of Alaskan Lake Iliamna where anoxia and negligible water flow seems likely. Another important factor in salmon carcass decomposition appears to be tissue type. In both artificial and natural streams, muscle tissue decomposed more readily than eggs, internal organs, or skin, which is consistent with other studies (Merritt & Wallace, 2000) . For example, Minshall et al. (1991) found that the skin of fish persisted longer than other body parts. Persistence of salmon tissue fragments may result in the sustained release of marine-derived nutrients (MDN) in streams (cf. Parmenter & Lamarra, 1991) because these fragments are likely to become trapped in interstitial spaces.
Several macroinvertebrate species colonised salmon carcasses in our study, most notably chironomid midges. Several different invertebrate taxa have been found on salmon carcasses (Kline et al., 1997; Minakawa & Gara, 1999) and other freshwater carrion (Vance et al., 1995; Keiper et al., 1997) . Compared with these studies, we found that chironomid abundance on salmon carcasses was similar (cf. >4 larvae per g of salmon tissue) (Minakawa & Gara 1999) or much larger (cf. <1 larva per g of rat tissue) (Keiper et al., 1997) . However, the other invertebrate taxa reported 
†Abundance categories: -absent, + trace, ++ present, +++ common. ‡Capniidae, Sweltsa. §Hydropsychidae, Onocosmoecus, Rhyacophila.
-Empididae, Tipulidae.
by previous studies (e.g. Kline et al., 1997; Minakawa & Gara, 1999) , such as stoneflies, notably Zapada and Sweltsa, and caddisflies, notably Ecclisomyia and Onocosmoecus, we found at much smaller abundances.
Invertebrates were also much less abundant on naturally occurring carcasses than on those artificially placed in natural or artificial streams. Focusing surveys on carcasses trapped in log jams for several weeks, may have produced results more similar to those for other parts of the study because invertebrates are likely to be dislodged from carcasses that are washed downstream. Salmon carcasses could be important microhabitats for chironomid midges and Zapada, representing potential 'ecological hotspots' of invertebrate abundance in streams. Wipfli et al. (1998) found that chironomid abundance in the mineral substrate of mesocosm pools declined after an early peak to about 12 000 larvae m -2 . In our study, using the same mesocosm, chironomid abundance increased steadily to about 84 000 larvae m -2 on carcasses. In contrast,
Zapada abundance progressively increased throughout the study by Wipfli et al. (1998) , reaching about 700 larvae m -2 in mineral substrate as compared with about 3700 larvae m -2 on carcasses in our study.
Chironomid larvae can reach larger population densities in organic substrates (e.g. 250 000 larvae m -2 , Armitage, Cranston & Pinder, 1995) , even in the presence of the low dissolved oxygen levels often associated with submerged carrion (Merritt & Wallace, 2000) .
Organisms are believed to use carrion as a source of food and/or shelter (Merritt & Wallace, 2000) . Invertebrate consumption of salmon carcass material has been indicated by anecdotal observations (Elliott & Bartoo, 1981; Minakawa & Gara, 1999) and stable isotope analyses (Bilby et al., 1996; Kline et al., 1997) , and seems likely for invertebrates belonging to the 'shredder' functional feeding group, such as Zapada, that chew, burrow, or mine into coarse particulate organic material (Merritt & Cummins, 1996) . Invertebrate colonists could help fragment carcass material, promote nutrient leaching, and oxygenate anoxic subsurface areas, as has been shown with other organic substrates (Parmenter & Lamarra, 1991) . Minshall et al. (1991) suggested that invertebrates could also transfer decomposing microbes between carcasses, and from the surface to the carcass interior. The thick mould-like microbial development observed on carrion (e.g. Minshall et al., 1991; Vance et al., 1995; Kline et al., 1997; Merritt & Wallace, 2000 ; this study) is probably involved in decomposition and could sequester nutrients leaching from carcasses. The biofilm associated with salmon tissue and its interaction with carcass invertebrates warrants study, given what little is known about biofilm associated with animal tissue (Stevenson, Bothwell & Lowe, 1996) .
Salmon carcass invertebrates may facilitate the transfer of MDN to higher trophic levels, such as predatory fishes and insectivorous birds. Carcass tissue is an important food source for fish (Bilby et al., 1996) , mammals and birds (Willson et al., 1998) but carcasses become fragmented, buried, or washed away (Cederholm et al., 1989) . In these situations, carcass invertebrates could convert tissue and associated biofilm into food for other invertebrates and higher trophic levels, as invertebrate tissue and faecal material. Chironomids can produce prodigious amounts of faecal material and are important food item for many predators (Armitage et al., 1995) . Carcass invertebrates, because of their proximity to the MDN source, may also assimilate more MDN than invertebrates in the same stream but on different substrate types. Early invertebrate colonists, although small in biomass, might be disproportionately important in this respect because of their presence during the large initial loss of mass. Cederholm et al. (1989) emphasised the importance of physical MDN retention devices (e.g. large wood structures) in streams. Carcass biofilm and invertebrates may represent biological MDN retention devices also important in streams but at a smaller scale, similar to the chemical sorption processes discussed by Bilby et al. (1996) . The processes and mechanisms by which Pacific salmon influence ecosystems are complex and involve many factors, including the rate at which carcasses lose mass and become colonised by invertebrates. Our study indicates that salmon carcasses lose mass in a way similar to other types of organic material and are colonised by invertebrates in high densities. Better understanding of salmon decomposition in freshwater-riparian ecosystems will contribute to the development of more holistic Pacific salmon management and restoration strategies, which can include placing hatchery carcasses in streams (Ashley & Slaney, 1997) . The design of such projects would ideally reflect the influence that salmon have upon all trophic levels in freshwater-riparian food webs.
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